We propose planar, high numerical aperture (NA), low loss, focusing reflectors and lenses using subwavelength high contrast gratings (HCGs). By designing the reflectance and the phase of non-periodic HCGs, both focusing reflectors and lenses can be constructed. Numerical aperture values as high as 0.81 and 0.96 are achieved for a reflector and lens with very low losses of 0.3 and 0.2 dB, respectively. The design algorithm is also shown to be readily extended to a 2D lens. Furthermore, HCG optics can simultaneously focus the reflected and transmitted waves, with important technological implications. HCG focusing optics are defined by one-step photolithography and thus can be readily integrated with many devices including VCSELs, saturable absorbers, telescopes, CCDs and solar cells.
Introduction
Focusing reflectors and lenses are among the most fundamental components in applications involving manipulation of light, including imaging, communications, displays, sensing, solar cells and instrumentation. Systems and devices in all these areas benefit from monolithic integration and the corresponding decreases in size, weight, and costs. But the integration of focusing elements requires a design which is compatible with standard microfabrication processes while offering comparable or better performance relative to bulk optics. In particular, numerical aperture (NA) is a critical performance metric because it indicates the focusing or resolving power of the reflector or lens. The focusing/defocusing capability of conventional simple lenses [1] arises from the shape of the lens and the index contrast between the lens material and air. Because the lens must be transparent, the choice of material is limited and the highest refractive index is ~2. This limits the NA of conventional lenses. Conventional focusing reflectors are typically curved mirrors made of glass coated with metal [1] . A reflector's focusing capability arises from its aspherical shape, enabling high NA. However, both the lens and reflector require an aspheric shape and bulky thickness, presenting difficulties for standard microfabrication techniques.
Zone plates and Fresnel lenses are attractive alternatives to simple lenses because they are planar and compact. A zone plate consists of a set of radially symmetric rings which alternate between opaque and transparent, harnessing diffraction to create a lensing effect [2, 3] . The major drawback of zone plates is that they absorb a significant part of the input power, making them undesirable for any optical application where low loss is required [3] . A Fresnel lens consists of many concentric segments with continuous height variations [4] [5] [6] [7] . However, at the microscale, fabrication of Fresnel lenses becomes difficult, so it is difficult to obtain a Fresnel lens in integrated optics applications.
In this paper, we propose novel planar focusing reflectors and lenses with both high NA and low loss, using subwavelength high contrast gratings (HCGs). An HCG is a subwavelength grating comprised of high index bars fully surrounded by low index medium [8] . These structures can be fabricated with standard photolithography. Recently, our group has demonstrated broadband reflectors and high-Q resonators using periodic HCGs [9] . The reflectors can be designed for light incident at any angle between surface normal and grazing incidence. HCGs may be designed to be highly reflective, partially reflective, or highly transmissive. Of crucial importance to this work, the phase of the reflection (or transmission) coefficient may also be chosen independently of the amplitude.
Here we show that by designing the HCG in a non-periodic manner, we can achieve a phase distribution as in a typical lens, but in a planar device on the order of ~1 µm thick. We report a planar HCG focusing reflector with an NA of 0.81 and 0.3 dB loss, and an HCG lens with an NA of 0.96 and 0.2 dB loss. A preliminary design for two-dimensional HCG lens is also shown to exhibit good focusing. Finally, we demonstrate a unique capability of HCG reflectors -when a plane wave is incident upon the structure, both reflected and transmitted waves are simultaneously brought to a focus, i.e. a real image is formed on both sides of the element.
Theoretical background
An HCG is a single layer, subwavelength grating where the grating bars consist of high-index material (e.g., AlGaAs, silicon, etc.) that are completely surrounded by low-index media (e.g., air or silicon oxide) [8] . There are three physical parameters that control the complex reflectivity of the grating: HCG bar width (denoted as s), air gap (denoted as a), and thickness (denoted as t), as shown in Fig. 1(a) . For simplicity of calculation, we considered only one low-index medium surrounding the high index grating bars, although similar results should apply to the case when they are different (e.g. silicon HCG on SiO 2 as in [8] ). For a nonperiodic HCG, different HCG bars (indexed as 0, 1, 2, etc., where 0 is the middle bar) have different bar widths and air gaps, while the thickness remains constant. Due to symmetry requirements, -nth bar has the same dimension as + nth bar (n = 1, 2, etc.). The reflectivity mechanism of an HCG is described as the following: Physically, the HCG can be considered an array of short slab waveguides with the propagation direction along the z-axis. The incident wave (marked by the red arrow in Fig. 1(a) ) excites multiple modes of the array. The first two modes are the most significant; the higher order modes are below cutoff and have the form of evanescent surface-bound waves. These two modes propagate along the z-direction within the grating at a propagation speed determined by bar width, air gap and refractive index, and reflect back at the bottom output plane. When the thickness is properly designed, the constructive or destructive interference between these two modes can make the HCG either highly transmissive or highly reflective [10] . Despite the importance of a proper HCG thickness design, the grating can be rather tolerant to inhomogeneities and fabrication imperfections. This has been demonstrated in VCSELs that use HCGs as top mirrors, which show good performance and reliability even with highly inhomogeneous HCGs [11] .
When a wave is incident upon a chirped HCG, the reflected and transmitted components will develop a phase variation along the x axis, due to the lateral dimension chirp along the x axis (shown in Fig. 1(b) ). If the phase distribution along the x axis is chosen properly, the plane wave is focused. From a geometrical argument, it can be proven that the ideal phase distribution for a focusing element is:
where f is the focal length, λ is the wavelength, and φ max is the maximum phase change (the phase difference between the middle and the very edge of a focusing element). When the phase φ (x) is more than 2π, it can be mapped to an equivalent value between 0 and 2π. This is why the phase distribution (blue curve in Fig. 1(b) ) has a sawtooth shape, with each sawtooth corresponding to a different 2π-window. This distribution is difficult to achieve for conventional reflectors and lenses. For a chirped HCG, each bar with a certain bar width and air gap can provide the desired phase (shown in the green circles in Fig. 1(b) ). Putting these HCG bars together is equivalent to using a discrete phase distribution to approximate the ideal distribution. This approximation is fairly good owing to the subwavelength dimensions of the HCG. In addition to phase distribution, the magnitude of the reflection (or transmission) coefficient must be high to make a low-loss mirror (or lens).
Design process
Designing HCG focusing elements is straight forward. Given the requirements, e.g., focal length and NA of a reflector or lens, a phase distribution can be calculated from Eq. (1). The next step is to find out a one-to-one correspondence between HCG's complex reflection or transmission coefficient and dimensions. As an example, let us consider HCG focusing reflector design here. The reflectivity and phase can be calculated as a function of HCG dimensions using rigorous coupled wave analysis (RCWA) [12] . Shown in Fig. 2 are the reflectance and phase for an HCG with thickness of 1.2 µm (thickness has already been optimized to obtain high reflectance and large phase change). The bar width varies from 0.25 µm to 0.75 µm, and air gap between bars from 0.1 µm to 0.6 µm. The actual dimensions chosen for an HCG reflector design are shown on this map as a series of circles, colored according to their corresponding 2π-window ( Fig. 1(b) ). The refractive index of the HCG bars is 3.48, corresponding to the index of silicon at 1.55 µm. The design is for TM polarization (electric field vector is perpendicular to the grating bar direction) at a wavelength of 1.55 µm.
It should be noted that although the reflection map is calculated for periodic HCGs, its use in arriving at a design for a non-periodic chirped HCG reflector is excellent, as shown by finitedifference time-domain (FDTD) simulations in section 4. Prior to selecting the actual HCG dimensions, a phase path is chosen which encompasses a total phase shift of at least 2π and which only traverses regions of high reflectivity. For simplicity, our initial work uses a straight line, as seen in Fig. 2 . Nonetheless, this phase path still remains above 90% reflectivity at all points, allowing the final HCG to have a low loss. The actual HCG dimensions are chosen from the phase path in accordance with Eq. (1). These points specify the width and position of each bar in the HCG. After the design of the HCG is determined, FDTD numerical simulation is performed to evaluate the performance of the focusing element.
Simulation results and discussion
All the simulations described below are carried out at a wavelength of 1.55 µm, but the design is scalable to any wavelength. Designs are implemented for normal incidence, but in principle the concept can be extended to any incident angle [9] . Taking advantage of the 2π phasewindow concept, the design method is scalable, making both HCG micro-reflectors/lenses and large area reflectors/lenses possible. For simplicity, only HCG reflectors and lenses in the microscale are investigated in this paper. Fig. 3. (a) H-field intensity distribution (normalized by incident field intensity) on both the reflection side and the transmission side of an HCG focusing reflector. HCG bars are denoted by yellow boxes (b) H-field intensity distribution (normalized by incident field intensity) at the reflection focal plane. This field distribution is plotted after the incident wave is subtracted (c) H-field intensity distribution (normalized by incident field intensity) for both reflected wave and transmitted wave along z axis at the center of the reflector (x = 0). The blue curve is Hfield intensity of the transmitted wave, amplified by ten. The yellow curve is H-field intensity of reflected wave, with the interference pattern. The red curve is H-field intensity of reflected wave after the incident wave is subtracted (the reflected wave component of the yellow curve). An HCG focusing reflector is designed for TM polarization of incidence (electric field vector is perpendicular to the grating bar direction). TE polarization (the electric field is parallel to the grating bar direction) can be designed just as easily. The thickness of the HCG is fixed at 1.2 µm, while the bar width varies from 0.35 µm to 0.69 µm and the air gap varies from 0.22 µm to 0.42 µm. The H-field intensity (normalized by incident field intensity) on both the reflection side and the transmission side is plotted in Fig. 3(a) . After the plane wave, incident from the positive z half-plane, is mostly reflected by the 28.6 µm wide HCG reflector, it is focused to a spot 10.3 µm above the lens (close to the designed focal length of 10.0 µm). Thus, the NA is 0.81. The total reflectance is 93%, which means the transmission loss is only 0.3 dB. The intensity oscillations on the reflection side along z-axis in Fig. 3(a) are caused by interference between the reflected and incident waves. At the reflection focal plane, the field distribution is shown in Fig. 3(b) , with a full-width-half-maximum (FWHM) of 0.86 µm, which is extremely close to diffraction limit. Note that this field distribution is plotted after the incident wave is subtracted from the total field intensity. Detailed analysis on the diffraction limit is conducted in Section 4.4.
HCG focusing reflector
It should be noted that the above design algorithm is based on the reflection coefficient calculated from periodic HCGs. The reflection and transmission properties of an HCG are determined by the internal modes, which change slightly when the periodicity of the HCG is disturbed. Therefore a bar-by-bar optimization process is carried out, where the dimensions of each bar are adjusted to minimize energy leakage to the transmission side. With this technique, total reflectance is increased from an initial value of 81% to the 93% value achieved here. In addition, the reflectivity may be increased with further optimization of the phase path, e.g. using a curved line with better matched reflectivity instead of a straight line.
A unique phenomenon of the HCG reflector is "double focusing". As can be seen in Fig.  3(a) , not only is the reflected wave focused, but also the transmitted wave, even though the transmitted energy is much lower. Moreover, the focal length on the transmission side is 10.8 µm, almost the same as that of the reflection side. Figure 3(c) shows the phenomenon more clearly by plotting the H-field distribution for both the reflected and transmitted waves along z axis at the center of the reflector (x = 0). This effect is due to the relationship between reflection and transmission phase for a lossless, reciprocal, symmetric system [13] 
where φ R and φ T are the phase of reflection and transmission, respectively. This relation is confirmed by calculating phase of reflectivity and transmissivity for our planar HCGs. Since the difference between φ R and φ T is either π/2 or 3π/2, the phase distributions on either side of the HCG can be made nearly the same with possible discontinuities with a phase jump of π. In fact, for the case in Fig. 3 , φ T (x) is nearly the same as φ R (x), leading to the double focusing. There are two phase jumps of π, resulting in slight difference in focus lengths. The physics of the phase jump is beyond the scope of this paper and will be discussed elsewhere. The capability to realize a planar focusing reflector with an additional focus on the transmission side is a unique property of HCGs. The double focus and possibility to design with any reflection/transmission combinations will revolutionize the design of VCSELs or solid state lasers, where a single HCG reflector acts as both a cavity mirror (providing optical confinement) and an external focusing element.
HCG lens
An HCG lens is also designed for TM polarization (electric field vector is perpendicular to the grating bar direction). The HCG bar width varies from 85 nm to 180 nm, air gap varies from 415 nm to 320 nm, and thickness is 4.9 µm. The H-field intensity (normalized by incident field intensity) is plotted in Fig. 4(a) . After a plane wave passes through the 29.2 µm wide HCG lens, it is focused 4.0 µm below the lens, resulting in an NA of 0.96. The transmittance is 95%, which means the loss due to reflection is only 0.2 dB. At the focal plane, the field distribution is shown in Fig. 4(b) . It has a FWHM of 0.65 µm. 
Two-dimensional HCG lens
A two-dimensional (2D) HCG lens can be easily designed by varying bar width and air gap inside each HCG bar. A simple illustration is shown in Fig. 5(a) . In this case, the diameter of the 2D HCG lens is 10 µm and HCG thickness is 3 µm. A 3D FDTD simulation is performed using a Gaussian beam source. The lens is designed for TE polarization (the electric field is parallel to the grating bar direction), and the E-field intensity distributions of the source and focal plane are shown in Fig. 5(b) and (c), respectively. The lens focuses the incident beam from a 3.5 µm waist radius down to only 0.89 µm, increasing the peak intensity more than 12 times. We expect that using the above-mentioned bar-by-bar optimization scheme, the focused spot intensity can be increased. Gaussian beam source E-field intensity distribution (c) E-field intensity distribution at the focal plane. The Gaussian beam is focused from 3.5 µm (waist radius) down to 0.89 µm, a 15X reduction in area. The corresponding increase in peak intensity is 12X, a value which can be improved by applying a bar-by-bar optimization procedure described in the text.
Focusing power analysis
Many applications require collimated light to be focused to a very tight spot or vice versa. Therefore the FWHM of the focal spot from an incident plane wave is of key importance.
Shown in Fig. 6 (a) (blue curve) is FWHM of an ideal lens as a function of focal length f, as calculated directly from the Huygens-Fresnel principle, with the lens width w held fixed at 30 µm. This is the diffraction limit for a lens with a 30 µm width and represents the best performance that can be expected. However, the phase distribution of HCG reflectors or lenses is essentially a discrete, stepped phase distribution that approximates this ideal, continuous phase distribution. Thus, it is important to understand the effect due to discretization. The FWHMs from various discretized phase distributions are also plotted on Fig. 6(a) . These discrete ideal phase distributions, made up of small constant phase elements of width δx and having a total width of 30 µm, are also evaluated using the Huygens-Fresnel principle. Finally, the FWHMs for HCG reflectors from FDTD results are also overlaid as black crosses in Fig. 6(a) . FWHM generally increases with focal length f. This is because NA decreases when f increases, diminishing the focusing power. As the constant phase element width δx gets smaller, the curves converge to the continuous case, as expected. When δx is larger than the wavelength (shown in red curve in Fig. 6(a) ), the deviation becomes large, especially for small focal lengths. This indicates that a subwavelength structure is crucial in order to achieve high focusing power with discrete phase elements. It is clear that HCG reflectors (black crosses) have focusing power very close to the diffraction limit (continuous phase distribution).
Figure 6(b) shows the intensity distribution at focal plane for a 0.7 NA HCG focusing reflector, in comparison with an ideal lens using Huygens-Fresnel principle and continuous phase distribution. As shown in Fig. 6(b) , there is energy in the side lobes due to a limited aperture and the discrete nature of the elements. This is also normally seen in Fresnel lenses or zone plates. However, in our HCG focusing elements, most of the energy can be optimized to be in the focus spot, and the field distribution is very close to the ideal case. This excellent match confirms the strong focusing power of HCG reflectors or lenses.
Conclusion
We have presented planar, high-numerical-aperture, low-loss, focusing reflectors and lenses using subwavelength high contrast gratings. Such structures are simple to fabricate with standard photolithography and may be readily incorporated in a variety of integrated electronic and photonic platforms. A focusing reflector or lens can be designed by varying the HCG dimensions to achieve a desirable reflection or transmission phase distribution. By FDTD numerical simulation, an NA of 0.81 and loss of 0.3 dB were obtained for an HCG focusing reflector; and an NA of 0.96 and loss of 0.2 dB were obtained for an HCG lens. The NA is much higher than conventional focusing reflectors or lenses, and the loss is much lower than zone plates and Fresnel lenses. Moreover, for a focusing reflector, the transmitted wave was also focused with a focal length almost the same as reflection focal length. This "double focusing" phenomenon may enable revolutionary new classes of VCSELs or solid state lasers, where a single HCG reflector is not only a cavity mirror, but also an external focusing element. A 2D HCG lens was also designed and demonstrates excellent focusing, serving as a proof-of-concept that the work presented here can be extended to two dimensions. Detailed analysis of FWHM also confirmed that the focusing of the HCG reflector was very close to the diffraction limit. With all these desirable attributes, HCG focusing reflectors and lenses show great promise to integrate seamlessly with CCDs, solar cells, microscopes, telescopes, and VCSELs and to radically enhance their performance.
